Abstract: China has accelerated the pace of shale gas development from 2010. A series of policies were issued by the Chinese government to motivate and regulate shale gas exploration and exploitation. In order to investigate the effectiveness of these policies and provide reference to the policymakers, the most relevant policies from 2010 to 2016 were collected and analyzed. Our study summarized that, in total, eight government agencies issued 25 related policies, which cover all the main problems that impede China's shale gas industry. With the aid of these policies, the approved research and development (R&D) funds exceed 350 million Chinese yuan (CNY) ($55 million), and over 80 domestic companies participated in exploration rights bidding and nine foreign companies initiated thirteen international cooperation projects. In 2016, China's shale gas production reached 7.88 × 10 9 m 3 , ranking third in the world. However, these policies still have some shortcomings, such as low environmental concerns, weak financial stimulus, and inefficient implementation. Therefore, we suggest that future policy should put particular emphasis on (1) formulating special environmental regulations and determining development scale based on water resource; (2) providing detailed implementation plans and maintaining stable subsidy; (3) enhancing communication and supervision; and (4) establishing a public big data platform.
Introduction
China is one of the largest energy consumers in the world, and more than 68% oil and 38% of consumed natural gas were imported in 2017. Since coal still accounts for 60% of China's energy structure, China emitted 9.2 × 10 9 t CO 2 in 2017, thus becoming one of the largest anthropogenic CO 2 emitters in the world [1] . How to guarantee energy security and optimize energy structure is one of the toughest questions that Chinese government faces. The "shale gas revolution" might shed some light on this question. Relying on shale gas production, the United States further strengthens its energy security and would become a net natural gas exporter [2] . In addition, the lifecycle CO 2 emissions of shale gas are 23% and 33% lower than that of gasoline and coal, respectively [3] . Due to a shift in generation mix from coal to natural gas and renewables, the power sector of the United States reduced CO 2 emission drastically since 2005 [4] . China has abundant shale gas resources [5, 6] , and began to explore and exploit shale gas on a large-scale from 2010. Within 10 years, China made significant progress in shale gas development, and became the largest shale gas producer following the United States and Canada [7] [8] [9] . Since shale gas is different from conventional natural gas in terms of forming condition and distribution characteristics [10] , the development cost and risk are much higher. Therefore, at the early stage of the shale gas industry, the motivation and regulation by the government are very important. Some studies pointed out that the success of the shale gas revolution in North America was indispensable to the support from the government, so the Chinese government should publish appropriate incentive policies to promote its shale gas industry, which was still in its infancy [11] [12] [13] [14] . Thereafter, more studies focused on this field. Due to the high cost of developing shale gas, some studies discussed this topic from an economic perspective (e.g., tax concession and financial subsidies [15] [16] [17] , market regulation, and competition [18] [19] [20] ). In their perspectives, under China's current technological and economic conditions, it was difficult to make a profit; therefore, policymaking should focus on cost reduction in order to attract investors. With the rising awareness of environment, some studies focused on the negative impacts to the environment and residents in shale gas development (e.g., drinking water contamination, water waste, noise, and geological disruption), and put forward some advice about policymaking on the perspective of water resource protection and environmental risk reduction [21] [22] [23] . In addition, some research studied this topic from a comprehensive view, taking market prospects, environmental impacts, conditions of resource, and general conditions of extraction and utilization, into account [24] [25] [26] [27] . They suggested that the policy instruments should consider all aspects, such as gas price regulation, financial subsidies, corporate income taxes reduction, or their combinations.
In reality, China has issued serials of relevant policies and regulations to motivate and regulate shale gas development from 2010. Despite some significant progress having been made, the development of China's shale gas industry is lower than expected, and the production target in 2020 was reduced from 60 × 10 9 m 3 to 30 × 10 9 m 3 in the Shale Gas Development Plan (2016-2020) [28] . To our best knowledge, few studies have focused on the existing policies and investigated their effectiveness comprehensively. Moreover, the policies recommended by previous studies are almost based on the comparison between the United States and China, though the resources and industrial conditions of the two countries are different, so the United States' experience may not be fully applicable to China.
The aim of this paper is to investigate the effectiveness and shortcomings of the issued policies, in the hope it could provide some references to policymakers. Therefore, this paper focuses on the existing policies and the actual situation of China's shale gas industry. Firstly, the main problems that hinder the development of China's shale gas industry at the initial stage were summarized. Secondly, the most relevant policies issued from 2010 to 2016 were collected. Then, the main problems were taken as a guide to analyze the effects and shortcomings of these policies. Finally, some specific policy suggestions are proposed, and a general conclusion was drawn.
Main Problems of China's Shale Gas Industry
At the initial stages of China's shale gas industry, some problems of technology, cost, and market impeded the development of China's shale gas industry.
Lack of Core Technologies
The key technologies of shale gas development are horizontal drilling, multistage fracturing of horizontal wells, and microseismic monitoring. Before 2010, however, China did not own these technologies, and also lacked experience in exploration and exploitation. In order to obtain advanced technologies and experience quickly, China's state-owned oil companies joined hands with international oil companies to develop domestic shale gas blocks together and, meanwhile, acquire overseas shale gas assets directly [29] . Through international cooperation, China has gradually mastered some technologies of shale gas exploration and exploitation, and realized equipment localization. However, China does not yet have complete process core technologies. For example, until 2013, China has not mastered the technologies of microseismic monitoring, production dynamic prediction, and micro/nano 3D reconstruction, etc. Moreover, equipment of rotary geological steering, sliding sleeve fracturing, microstructure, and composition analysis of micro/nanoscale have not yet achieved localization [30, 31] .
High Production Costs
First of all, China's shale is deeply buried. The depth of shale in the United States is usually from 800 m to 2000 m while, in China, it is more than 3000 m [32] . Secondly, compared with other countries that are rich in shale gas resource, the distribution of the shale gas in China is more uneven, and the geological condition is more complex [33] . Thirdly, most of China's shale gas resource is distributed in mountainous regions of southwest China, which is facing drought and seasonal water shortage. Fourthly, lack of core technologies pushes up total development costs. Therefore, China's drilling and fracturing costs are much higher. Take Fuling shale gas field as an example, which is China's first large shale gas field. In 2012, its average well cost was about $16 million, which was 2.5 times higher than Marcellus play, and 5 times higher than Barnett play in North America [34] . In addition, a single well production of shale gas declines rapidly during the first year or two, so a large number of wells are needed for stable output, which would lead to high total investment and a long payback period.
Low Market Activity
Over 7900 small-and medium-sized enterprises (SMEs) participated in the shale gas industry of the United States [35] , and fierce competition led to technology innovation and costs reduction. The activity of SMEs, to some extent, has led to the vigorous development of the shale gas industry in the United States whereas, in China, SMEs and private enterprises were absent in the shale gas market. The main obstacles are that (1) the threshold of project administration and approval is quite high, especially for private enterprises; (2) the energy price mechanism is rigid, which makes the profitability uncertain and the risks uncontrollable; and (3) some critical areas are monopolized, such as oil and gas pipelines [36] . Thus, the exploration and production of shale gas in China is basically monopolized by a handful of large state-owned enterprises. In the first round of auctions on exploration rights for shale gas blocks in 2011, only six large state-owned companies participated in the bidding, and SMEs or private enterprises did not even participate. However, after obtaining the exploration rights, some large state-owned enterprises have not fulfilled their mining commitments; they just enclose the blocks and do not carry out the exploration immediately.
High Environmental Burden
First of all, shale gas development consumes a lot of water, which is almost 10 times larger than that in conventional natural gas development. According to the Department of Energy of the United States, the average water consumption of a single well in the United States is 10,000-15,000 m 3 [37] . As China's shale gas is buried much deeper than the United States, the water consumption is much higher. If China's shale gas production achieves the target of 30 × 10 9 m 3 in 2020, the estimated water consuming in drilling and fracturing will reach at 209 × 10 6 -293 × 10 6 m 3 [38] . Moreover, about 40% of shale gas reserves are located in the central and western regions in China, where drought and seasonal water shortage are common [39] . Secondly, because hydraulic fracturing is widely used in shale gas development, it is possible for methane and fracking chemicals to enter shallow aquifers and contaminate the drinking water, which has become a hot-button issue in the United States. In China, most shale gas resource-rich areas are located in hilly and mountainous terrains, where faults and cracks are numerous and complex. Therefore, it is easier for methane and fracking chemicals to enter drinking water aquifers, which would worsen China's surface water and groundwater pollution situation. Furthermore, due to China's high population density, shale gas development will cause other environmental problems such as air pollution, habitat fragmentation, and community disruption [21] .
Moreover, China has no special laws aiming at environmental protection in oil and gas development, not to speak of shale gas exploration and exploitation. Even existing environment-related laws are not always strictly enforced in China. Thus, developing shale gas on a commercial scale poses a great challenge to China's fragile ecological environment.
Policy Analysis and Discussion
Since the 1970s, the United States has issued a series of supportive policies that cover various aspects of shale gas development, such as financial subsidies, tax relief, and market competition, which have contributed to the prosperity of the shale gas industry. In order to promote shale gas industry in China, the Chinese government has also published a series of policies.
Policy Statistics and Analysis
From 2010 to 2016, eight government agencies issued 25 relevant policies (Table 1 ). Shale gas development and utilization involves participations of many sectors, so the promotion of the shale gas industry requires relevant departments to cooperate and coordinate with each other. According to Table 1 , there are 19 policies issued by a single agency (each policy has only one publisher) and 6 policies were joint released by several agencies, such as Policy No. 4, No. 5, and No. 6. MLR and NEA are competent government agencies which take charge of resource and energy, therefore, most of these policies were issues by them. MLR issued 8 policies alone, and 3 policies with other agencies. NEA issued 5 policies alone, and 3 policies with others. Since financial incentive is very important at the initial stage of the shale gas industry, MOF issued 4 policies with other agencies, just behind MLR, NEA, and NDRC. In terms of the contents of policies, the State Council makes a strategy or plan from a macro level, NDRC shapes the overall policy, MLR and NEA mainly concentrate on mining rights bidding, technology innovation, and industry standards, MOF and SAT determine the subsidies and tax incentives, and MOC and ACFIC bring foreign and private capital into the domestic market. The correspondence between the contents of each policy and the main problems of China's shale gas industry is discussed, and the results are shown in 
Despite that all the problems have been covered in issued policies, the degree of attention to each problem is different. Among the specific policies, six policies correspond to the technology issue, three policies focus on the cost issue, eight policies are concerned with the market issue, but no policies pay close attention to the environmental issue. Giving consideration to both specific and mixed policies, there are fourteen, ten, fifteen, and six policies corresponding to technology, cost, market, and environmental issues respectively, as Figure 1 shows. 
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Policy Effectiveness Analysis
Under policy stimulus and promotion, the main problems and barriers that impede the development of China's shale gas industry have been partially solved, and the development of the shale gas industry is showing a good trend.
Core Technology Makes a Breakthrough
Under the guidance of relevant policies, China has established several specific scientific research institutes which focus on core technologies of shale gas development, such as National Energy Shale Gas R&D (Experimental) Center, Key Laboratory of Shale Gas Exploration of MLR, and Key Laboratory of Sale Gas Resource Strategic Evaluation of MLR. On the other hand, the Chinese Ministry of Science and Technology (MOST) has set up several major research programs to fund R&D for shale gas
In order to achieve national goals through core technology breakthrough and resource integration, the Chinese government initiated the National Science and Technology Major Project in 2006. This project has 16 major areas, and each area would be funded with nearly 10 billion CNY ($1.56 billion) from 2006 to2020. Large Oil & Gas Field and Coalbed Methane (CBM) Development was identified as one of the major areas, and five shale gas-related subprojects were approved in 2017. The total funding was nearly 95 million CNY ($14.84 million).
Moreover, the National Natural Science Foundation of China (NNSFC) also took shale gas as one of the key funding areas from 2010, when China began to develop shale gas on a commercial scale (shown in Figure 3 
Policy Effectiveness Analysis
Core Technology Makes a Breakthrough
Under the guidance of relevant policies, China has established several specific scientific research institutes which focus on core technologies of shale gas development, such as National Energy Shale Gas R&D
Moreover, the National Natural Science Foundation of China (NNSFC) also took shale gas as one of the key funding areas from 2010, when China began to develop shale gas on a commercial scale (shown in Figure 3 With the implementation of major R&D projects and programs, China has basically mastered shale gas exploration and exploitation technologies, especially in the aspects of geophysics, drilling and completion, fracturing, and gas testing [64] . China is capable of accurately detecting the With the implementation of major R&D projects and programs, China has basically mastered shale gas exploration and exploitation technologies, especially in the aspects of geophysics, drilling and completion, fracturing, and gas testing [64] . China is capable of accurately detecting the microseismic signal in exploration. Furthermore, China now is proficient in horizontal well drilling (<3500 m) and sectional fracturing, and the length of fracturing can reach 2130 m and 22 sections [9] . It is worth mentioning that China has made a breakthrough in the technology of dense shale fracturing. Given the characters of water shortage in northern China, Jilin Oilfield and Yantai Jereh Petroleum Equipment and Technologies Company have jointly developed carbon dioxide fracturing technology, which is more environmentally friendly compared to conventional hydraulic fracturing. This technique not only saves water, but also leaves no liquid or chemical damage in formation [65] . Besides technology, China also makes a breakthrough in key equipment manufacturing. At present, the movable drilling rig and SYL3000 fracturing truck, which are independently developed by China, have been applied in shale gas production [9] .
Market Activity Gradually Increases
In order to stimulate more companies to enter the shale gas market, MLR holds two rounds of public bidding for shale gas exploration rights. In the first round in 2011, there were only four shale gas blocks and MLR invited only six large state-owned enterprises, including four oil companies and two CBM companies, which were China National Petroleum Corporation (CNPC), China Petroleum & Chemical Corporation (Sinopec), China National Offshore Oil Corporation (CNOOC), Shanxi Yanchang Petroleum Group, China United Coalbed Methane Corporation, and Henan CoalBed Methane Company. Finally, Sinopec and Henan CoalBed Methane Company won two out of the four available blocks. In the second round in 2012, the shale blocks increased to 20, and MLR greatly reduced the threshold for bidders, and opened the tender to private firms and certain Sino-foreign joint ventures. There were 83 firms, in total, participating in the second round, of which nearly one-third were private firms. In the end, two private enterprises won two blocks. Compared with the first round of tender, the second round of tender was more competitive. On average, four firms competed for one block, and 7.6 bidding documents were received for one block. The comparison between the first and the second round of tender is shown in Table 3 . Table 3 . The comparison between the first and the second round of tender.
Items
The At the same time, encouraged by relevant policies, international oil companies accelerate their pace to enter China's shale gas market (shown in Figure 4 ). Since foreign companies are forbidden to develop and produce petroleum products independently in China, they had to build a joint venture with Chinese companies [66] . Though early in 2007, Newfield Exploration had cooperated with CNPC to prospect and evaluate the shale gas resource in the Weiyuan gas field in Sichuan Basin, the enthusiasm of foreign companies had not become high until 2010. According to Figure 4 , before 2011, only four foreign companies (Newfield, Shell, British Petroleum (BP), and Hess) cooperated with Chinese firms and initiated five cooperation projects. With more policies published from 2011, more foreign companies, such as Total, Chevron, ExxonMobil, ConocoPhillips, and others, tried to enter China's shale gas market and, from 2011 to 2016, nine foreign companies have initiated 13 cooperation projects. It is worth mentioning that in 2016, BP signed its first and second shale gas production sharing contracts (PSA) in China. According to the PSAs, BP would explore, develop, and produce shale gas with CNPC in the Neijiang-Dazu block and Rong Chang Bei in the Sichuan Basin, covering an area of approximately 2500 km 2 [67, 68] . foreign companies, such as Total, Chevron, ExxonMobil, ConocoPhillips, and others, tried to enter China's shale gas market and, from 2011 to 2016, nine foreign companies have initiated 13 cooperation projects. It is worth mentioning that in 2016, BP signed its first and second shale gas production sharing contracts (PSA) in China. According to the PSAs, BP would explore, develop, and produce shale gas with CNPC in the Neijiang-Dazu block and Rong Chang Bei in the Sichuan Basin, covering an area of approximately 2500 km 2 [67, 68] . As illustrated in Table 3 and Figure 4 , the issued policies successfully encouraged multiple kinds of enterprises, especially the private and foreign firms to enter China's shale gas industry.
Costs Reduce and Production Increases
Due to the breakthrough in core technologies and the experiences from international cooperation and actual operation, the drilling and completion cycle of the horizontal well had been reduced from 150 days to 70 days, and the shortest cycle was only 46 days. Correspondingly, the drilling cost also greatly declined. For example, the average cost was reduced by 23% to about $12 million in the mid-2015, compared with the average cost of drilling a horizontal well in the Sichuan Basin in 2012 [69] .
With the declining cost and increasing market activities, the production of shale gas has soared from 2012 (shown in Figure 5 ). It can be seen, from Figure 5 , that shale gas production continuously increased from 2012 to 2016, and the average increase rate reached 390%. With the high-speed growth, China's shale gas production reached 7.88 × 10 9 m 3 in 2016, ranking third following the United States and Canada [70] . As illustrated in Table 3 and Figure 4 , the issued policies successfully encouraged multiple kinds of enterprises, especially the private and foreign firms to enter China's shale gas industry.
With the declining cost and increasing market activities, the production of shale gas has soared from 2012 (shown in Figure 5 ). It can be seen, from Figure 5 , that shale gas production continuously increased from 2012 to 2016, and the average increase rate reached 390%. With the high-speed growth, China's shale gas production reached 7.88 × 10 9 m 3 in 2016, ranking third following the United States and Canada [70] . 
Shortcomings of Policies

Insufficient Attention to Environmental Issues
Firstly, only six policies were concerned about environmental issues, far below the number of policies that refer to the other three issues. Though NEA's Announcement on Shale Gas Industry Policy has a special chapter on energy conservation, water conservation, groundwater and soil protection, drilling fluid and fracturing fluid recycling, environmental impact assessment, and environmental regulation, it only acts as a principle regulation and lacks operability.
Secondly, China has no special laws or regulations on environmental protection in shale gas development. In 2014, the Ministry of Environment Protection of PRC published the draft of Standards of Industrial Pollutant Discharge for Oil & Gas Exploitation Onshore but, until now, the official edition has not yet been released. Though China has several environmental protection laws and regulations that can be applied to oil and gas exploration and exploitation, such as Environmental Protection Law, Water Pollution Prevention and Control Law, Mineral Resource Law, Water Law, and so on, all of them are lack pertinence. Due to the complicated nature of the problems, such as fracturing fluid treatment and methane leakage, the above laws and related discharge standards are hard to meet in practice [34] .
In contrast to China, the laws and regulations by federal or state government of the United States cover almost all aspects of the lifecycle of shale gas development, from well site preparation to site restoration, from well drilling and fracturing to well plugging, and from water withdraw to waste disposal. If not enough attention is paid to environmental issues, the development of the shale gas industry would be seriously hindered. For example, out of the potential pollution by hydraulic fracturing, Germany restricts the development of shale gas, and only experimental production under certain conditions is allowed.
Weak Policy Stimulus
At present, policies that provide direct subsidies may be the most attractive. In 2012, MOF and NEA issued the Notice on Introduction of Financial Subsidy Policy for Shale Gas Development and Utilization. According to this policy, companies would receive a subsidy of 0.4 CNY/m 3 (0.06 $/m 3 ) of shale gas production from 2012 to 2015, which is twice as much as the subsidy of CBM. This notice defines shale gas as it occurred in the source rock, with high organic matter content (total organic carbon must higher than 1.0%), and the adsorption gas content is greater than 20%; the interlayer's granularity is below and equal to siltstone or carbonate, and the thickness of a single layer does not exceed 1 m; and the total thickness of the interlayer does not exceed 20% of the target layer of the gas 
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Weak Policy Stimulus
At present, policies that provide direct subsidies may be the most attractive. In 2012, MOF and NEA issued the Notice on Introduction of Financial Subsidy Policy for Shale Gas Development and Utilization. According to this policy, companies would receive a subsidy of 0.4 CNY/m 3 (0.06 $/m 3 ) of shale gas production from 2012 to 2015, which is twice as much as the subsidy of CBM. This notice defines shale gas as it occurred in the source rock, with high organic matter content (total organic carbon must higher than 1.0%), and the adsorption gas content is greater than 20%; the interlayer's granularity is below and equal to siltstone or carbonate, and the thickness of a single layer does not exceed 1 m; and the total thickness of the interlayer does not exceed 20% of the target layer of the gas well. According to MLR, the recoverable reserves of China reach 2510 × 10 9 m 3 . However, according to MOF's definition, only one-third of the total recoverable reserves can be recognized as "shale gas", which means companies engaged in shale gas development may not receive subsidies. Additionally, the Notice on Introduction of Financial Subsidy Policy for Shale Gas Development and Utilization also mentions that local governments can provide proper subsidies for local shale gas development and utilization based on specific conditions, but no policy of local subsidy has been published until now.
After the first round of subsidies, which expired in 2015, MOF issued Notice on Financial Subsidy Policy for Shale Gas Development and Utilization and continued to provide financial subsidies for shale gas. However, the subsidy standard of central government decreases to 0.3 CNY/m 3 (0.05 $/m 3 ) from 2016 to 2018, and will further decrease to 0.2 CNY/m 3 (0.03 $/m 3 ) from 2019 to 2020. Though drilling cost declines about 25%, the actual comprehensive development cost is still very high. Additionally, oil and gas price is still low, so the gradually reducing subsidies will lower the attractiveness to potential investors.
Shale gas development requires a long-term investment, which means that after obtaining the exploration rights, it usually needs about three years to explore and construct, then gets stable production and subsidies. If firms engage in the shale gas industry after 2017, it would be impossible for them to produce shale gas stably before 2020. Since the new round of subsidies will expire in 2020, these firms have to take the risk of no subsidies. The expectation of uncertain subsidies also hinders some potential investors from entering China's shale gas industry.
Inefficient Implementation of Policies
According to Table 1 , most of the policies are published in the form of "notice" and "opinion", which are at the macro level, and lack detailed implementation standards. Therefore, the firms engaged in the shale gas industry cannot fully enjoy the benefits offered by the policies in practice. For example, Shale Gas Industry Policy points out that the equipment which China cannot manufacture should be exempt from customs duty. However, the detail of this policy is still at the stage of research and discussion, and companies still need to pay customs duties for some key imported equipment. In contrast to coalbed methane, MOF, General Administration of Customs, and SAT jointly issued a Notice on the Import Tax Exemption for Imported Materials from CBM Exploration and Development Projects during the 13th Five-Year Plan Period, and a document of Exploration and Development of CBM Tax-Free Imported Materials List was attached to this notice.
In addition, shale gas producers need pipeline access to sell their products. However, due to historical reasons, most natural gas pipelines are monopolized by CNPC, Sinopec, and CNOOC, and it is hard for other gas producers to get access. To solve this problem, NEA and NDRC issued the Regulation on Openness of Oil & Gas Pipeline Facilities (Trial) in 2014, to provide the unused capacity to new customers on a fair and nondiscriminatory basis. However, the full text of this policy did not mention any detailed quantitative indicators, or how to calculate the price of transportation. Additionally, this policy also does not describe some key issues clearly. For example, Article 5 mentioned that "if the oil and gas pipeline network facilities have surplus capacity, operators of the pipeline network facilities should open the pipeline network facilities to the third party market entities equally and provide services such as transportation, storage, gasification, liquefaction and compression", but the definition of "surplus capacity" has not been clarified. Therefore, this policy just conveyed the government's determination to reform oil and gas pipeline operations, but was still inadequate for a quantitative implementation standard.
Suggestions on Policymaking and Implementation
Special Regulations for Hydraulic Fracturing and Water Use
As the development scale is expanding and more companies are entering shale exploration and exploitation with insufficient experience, the environmental problems will be more serious. This paper suggests that the Chinese government should publish special environmental regulations and technical specifications for shale gas development and utilization.
Firstly, regulations and technical specifications for hydraulic fracturing need be issued as soon as possible. The government should clarify the toxic substances that are prohibited in fracturing, and force companies to open the chemical composition of fracturing fluid used in shale gas development. Moreover, an ecological compensation mechanism should be set up. By levying environment protection tax and water source tax, the local government could fund for restoring the ecological environment in shale gas development zones.
Secondly, the Chinese government should conduct a detailed strategic environmental assessment and formulate regulations for water use in shale gas development. As some studies suggested, a reasonable schedule for the water to be used for shale gas exploitation should be provided at first [39, 71] . In shale gas exploration and production, the development scale must be determined strictly based on water resource, and the total amount of water used should be controlled. In addition, the water intake should avoid affecting the local residents' water use. Furthermore, for the ecologically fragile areas, a regional environmental impact assessment system should be established. If enterprises have begun to develop shale gas in ecologically fragile areas, the environmental impact should be assessed dynamically, and the development project should be suspended immediately once serious problems were found in the assessment.
Moreover, policymakers should pay attention to green technology R&D and adoption, solving the environmental problems from the source. Since China's geological conditions are different from other countries and even more complex, some key green technologies must be independently developed. China should increase funding for clean production technology (e.g., substitutes for toxic chemicals in fracturing fluids, CO 2 fracturing) and pollution prevention technology (e.g., wastewater treatment, groundwater pollution monitoring, methane leakage monitoring) R&D. Furthermore, some finical instruments, such as green credit, and green industry development funds, can be used to support the adoption and application of green technology.
Detailed Implementation Plans and Stable Subsidies
According to the lifecycle of an industry, at the initial stage, the government should provide subsidies or policy support to lower the access threshold of the industry, in order to attract more companies. The more companies that participate, the more intense the competition. Thereafter, the competition will lead to technology innovation and cost reduction and, then, more companies will be attracted to enter. At present, the enthusiasm has been motivated by the prospect of shale gas and incentive policies but, still, very few companies actually participate in shale gas development, that is to say, there is not stiff competition. According to Figure 1 , there are ten and fifteen policies corresponding to the cost issue and the market issue, and the key point of the future work is to refine these policies and provide detailed implementation plans. For example, for Policy No. 16 and No. 17, ENA and NDRC should develop a clear schedule and roadmap to open the oil and gas pipeline network, and really punish the giant state-owned oil companies who violate the policy provisions. Additionally, for the policy No. 21, the standards of acquiring subsidies should moderately reduce, so companies can easily enjoy the subsidy and benefits of policies. Thereafter, more companies will be driven to enter the shale gas industry.
In addition, the payback period of investment of oil & gas exploration and exploitation is long, so the continuity of policy is very important, otherwise, investors are reluctant to do a long-term investment. Therefore, the Chinese government should maintain the subsidy standards or support expectation to attract multi-kinds of investors.
More Communication and Better Supervision
If the policymakers wish for their policies to get well-implemented, the stakeholders, such as enterprises, local governments, communities, and non-governmental organizations, should be introduced to the process of policymaking. Openness and transparency will provide an opportunity for social participation, and guarantee the fairness and effectiveness of the policies. Moreover, in the process of policy implementation, policy executor should actively communicate and interact with communities, non-governmental organizations, and other social organizations, enhancing mutual understanding and promoting policy implementation. Additionally, to avoid distorted implementation, it is necessary to pay attention to executors' quality improvement and professional training.
On the other hand, the central government always uses the tool of supervision to enhance the implementation of policies and regulations. By means of both incentive and accountability, the implementation of policy can be greatly improved. At present, however, a standard and effective supervision pattern still needs optimization. Finally, to ensure the implementation of the policies, the local governments where shale gas development is located should set up specialized agencies responsible for it.
Information Sharing with a Public Big Data Platform
In the United States, Energy Information Administration (EIA) has established a database, which contains information about the geological condition, reserve, production quantity, number of drilling wells, etc., and this database is available to the public. Industry and academia can use the database to support decision-making and policymaking. While, in China, except for large state-owned oil companies, such as CNPC and Sinopec, for other companies and academic institutions, it is hard to acquire data about shale gas development. This means that, even though companies get the exploration rights of certain blocks, they only have very limited geological data, so the exploration risk is very high. To some extent, a lack of necessary data may hinder more potential investors to enter the industry.
China State Council released the Internet Plus Action Plan [72] in 2015, aiming to integrate the Internet with traditional industries and fuel economic growth. Inspired by the concept of "Internet plus wind power" [73] , this paper suggests that China should take advantage of the internet to promote basic data collection and sharing in the shale gas industry. Firstly, a data specification should be constructed to standardize the data in all sections of shale gas development, including exploration, exploitation, production, transportation, and sales. Then, a big data platform of "Internet plus shale gas" should be established to share information, which is open to both industry participators and academic researchers. By data mining and related research on this platform, some useful suggestions can be proposed, and even new business models would be created.
Conclusions
Based on the main problems that hindered the development of China's shale gas industry, this paper summarized the most relevant policies published in China from 2010 to 2016, and further analyzed their effectiveness. By statistics and analysis, eight government agencies have issued 25 policies to support and regulate the shale gas industry, and these policies have covered the main problems. Technology and market issues are most valued by policymakers, and there were fourteen and fifteen policies related to these two issues, respectively. Aided by the technology-related policies, several major research programs and 181 NNSFC research projects were approved from 2010 to 2016, and the total funding exceeded 350 million CNY ($55 million). Stimulated by the market-related and cost-related policies, the second round of shale gas exploration rights bidding attracted 83 enterprises, including 26 private companies to participate. These policies also attracted nine foreign companies (e.g., Shell, BP, Chevron, Total) to initiate thirteen international cooperation projects in the field of shale gas development from 2011. Due to the breakthrough in core technologies and increasing market activities, China's shale gas developing cost significantly reduced (e.g., the average drilling cost of horizontal well reduced by 23%), and shale gas production increased at an average growth rate of 390%, from 2012 to 2016. In 2016, China's shale gas production reached 7.88 × 10 9 m 3 , and became the third largest producer in the world. However, in contrast to the concerns about the technology and market issues, policymakers paid very limited attention to the environmental issues. Moreover, the policies still have some shortcomings in terms of stimulus intensity and policy implementation. In order to further promote China's shale gas industry, this paper suggests that China should formulate special environmental regulations and control shale gas development scale based on water resource, provide detailed implementation plans, and maintain stable subsidies, enhance communication and supervision, and establish a public big data platform.
In fact, this study still has some limitations. First, the effectiveness and deficiencies of the policies were analyzed and investigated without communicating with the policymakers and stakeholders. Second, though this paper has provided some practical implications, it lacks support from theories and models. In future work, we need to enhance this study with regard to the abovementioned aspects.
